The common sequence variants that have recently been associated with cancer risk are particular to a single cancer type or at most two. Following up on our genome-wide scan of basal cell carcinoma 1 , we found that rs401681[C] on chromosome 5p15.33 satisfied our threshold for genome-wide significance (OR ¼ 1.25, P ¼ 3.7 Â 10 À12 ). We tested rs401681 for association with 16 additional cancer types in over 30,000 cancer cases and 45,000 controls and found association with lung cancer (OR ¼ 1.15, P ¼ 7.2 Â 10 À8 ) and urinary bladder, prostate and cervix cancer (ORs ¼ 1.07-1.31, all P o 4 Â 10 À4 ). However, rs401681 [C] seems to confer protection against cutaneous melanoma (OR ¼ 0.88, P ¼ 8.0 Â 10 -4 ). Notably, most of these cancer types have a strong environmental component to their risk. Investigation of the region led us to rs2736098 [A] , which showed stronger association with some cancer types. However, neither variant could fully account for the association of the other. rs2736098 corresponds to A305A in the telomerase reverse transcriptase (TERT) protein and rs401681 is in an intron of the CLPTM1L gene.
Cancer is caused by a complex interplay between genetic and environmental factors. Highly penetrant mutations explain only a small fraction of cancer cases and most genetic cancer risk is thought to be due to the contribution of many common sequence variants of low penetrance. Recently, genome-wide association (GWA) studies have yielded common sequence variants that associate with cancer risk of the prostate, breast, colon and rectum, lung, urinary bladder and skin [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Notably, in most cases the variants reported seem to be specific to the particular cancer type under study. This tissue specificity holds true even in the region on chromosome 8q24 where several independent variants have been found that associate with risk of cancer of the prostate, breast and bladder 2, 4, 6, [14] [15] [16] . Only one of the prostate cancer variants has been shown also to associate with risk of another cancer, colorectal cancer 7 .
We previously conducted a GWA study of basal cell carcinoma (BCC) of the skin and found two signals that reached genome-wide significance in a combined analysis of Icelandic and European sample sets 1 . Here, we followed up the initial GWA scan, increasing the effective sample size by genotyping additional Icelandic BCC cases (total of 1,025 cases) using the Illumina HumanCNV370-duo chip.
Furthermore, we used a method where known genotypes of relatives are used to provide information on BCC cases not genotyped (in silico genotyping) to add genotypes that are equivalent to an additional 480 BCC cases 17 . Analysis of this larger dataset confirmed that the two previously reported loci contained the strongest signals (Supplementary Fig. 1 online) . The third strongest signal was on chromosome 5p15.33 in an area of high linkage disequilibrium (LD) and was represented by two correlated SNPs, rs401681 and rs31489 (D¢ ¼ 1 and r 2 ¼ 0.87 in data from HapMap CEU and the Icelandic controls; Fig. 1 ). The allele C of rs401681 had an OR of 1.25 (95% CI ¼ 1.15-1.36; P ¼ 2.3 Â 10 À7 ) and allele C of rs31489 had an OR of 1.25 (95% CI ¼ 1.15-1.36; P ¼ 1.9 Â 10 À7 ) (Supplementary Table 1 online). We selected rs401681 for follow-up genotyping in an additional 744 BCC cases from Iceland, including some who were used in the initial analysis through in silico genotyping, and 525 BCC cases and 515 controls from Eastern Europe (for a summary of cases and controls used in this paper, see Table 1 ). In the combined analysis of the Icelandic and Eastern European samples, the association of rs401681[C] with BCC reached genome-wide significance (OR ¼ 1.25; P ¼ 3.7 Â 10 À12 ; Table 2 ). We did not observe heterogeneity of the ORs between the Icelandic and East European groups (P ¼ 0.35). Furthermore, judging from the results from both groups, the association between rs401681[C] and BCC did not show significant deviation from the multiplicative risk model (P 4 0.05).
rs401681 resides in an LD block that contains the CLPTM1L (cisplatin resistance related protein CRR9p) gene and the 5¢ end of the TERT (human telomerase reverse transcriptase) gene. CLPTM1L is a predicted transmembrane protein that is expressed in a range of normal and malignant tissues including skin, lung, breast, ovary and cervix. Expression of CLPTM1L has been shown to sensitize ovarian cancer cells to cisplatin-induced apoptosis 18 . The TERT gene encodes the catalytic subunit of the telomerase ribonucleoprotein complex (telomerase). The major role of telomerase is to catalyze the de novo addition of telomeric repeat sequences onto chromosome ends and thereby counterbalance telomere-dependent replicative aging 19 . Several studies have reported an association between short telomeres and increased risk of cancer at several sites, including BCC, cancers of the lung, head and neck, bladder, kidney, esophagus and breast, as well as lymphoma [20] [21] [22] [23] [24] . Furthermore, this region is frequently amplified in many types of cancer such as lung and cervical cancer 25, 26 .
Given the relevance of this genomic region to cancer biology, we assessed the association of rs401681[C] with 16 additional cancer types in individuals of European ancestry (Table 1) . Altogether, we directly genotyped rs401681 on approximately 20,500 cases and 36,000 controls. Using in silico genotyping, we also added information corresponding to genotypes of 4,265 Icelandic cancer cases ( Table 1 and Supplementary  Table 2 online). The results from the samples genotyped directly and in silico were combined with summary-level data from publicly available GWA datasets, specifically the dataset on colorectal cancer from the UK Institute of Cancer Research (ICR) 27 , the dataset on lung cancer from the International Agency for Research on Cancer (IARC) 11 and the datasets on prostate and breast cancer from the Cancer Genetics Markers of Susceptibility (CGEMS) study group 4 . In total, we assessed the association of rs401681[C] with 17 individual cancer sites using more than 33,800 cancer cases and 45,800 controls. Of the 16 cancer sites tested in addition to BCC, 5 sites showed nominally significant association (P o 0.05) with rs401681[C] with the same direction of the effect ( Table 2 and Supplementary Table 3 online). Of those, 4 cancer sites showed significant association after we accounted for the 16 additional cancer sites tested (P o 0.05/16 ¼ 0.003; Table 2 ). These cancer sites are lung, urinary bladder, prostate and cervix of the uterus. The strongest association of rs401681[C], following BCC, was with lung cancer, with an OR of 1.15 (P ¼ 7.2 Â 10 À8 ) in the combined analysis of samples from Iceland, The Netherlands and Spain, in addition to the lung cancer dataset from the IARC. We observed an association between rs401681[C] and bladder cancer with a combined OR of 1.12 (P ¼ 5.7 Â 10 À5 ) for the nine European case-control groups tested. For prostate cancer, we analyzed data from five groups (over 9,000 cases) and demonstrated a significant effect that is consistent among the groups tested with combined OR ¼ 1.07 (P ¼ 3.6 Â 10 À4 ). For cervical cancer, where we only had samples from Iceland, we detected a significant association with rs401681[C] (OR ¼ 1.31, P ¼ 2.6 Â 10 À4 ). No signs of heterogeneity or deviation from the multiplicative model were observed.
We did not detect an association between rs401681[C] and breast cancer (OR ¼ 0.98; P ¼ 0.340), even though a large sample set was used (3,645 cases and 30,030 controls) (Supplementary Table 3) . Endometrial cancer showed a trend that did not reach significance after adjustment for the number of tests (OR ¼ 1.21, P ¼ 5.5 Â 10 À3 ). Notably, we observed a significant association between rs401681[C] and protection against cutaneous melanoma (OR ¼ 0.88, P ¼ 8.0 Â 10 À4 ) in a sample set consisting of 2,443 melanoma cases and 30,839 controls from Iceland, Sweden and Spain. We note that a recently Shown are the numbers of cases and controls (N), allelic frequencies, the allelic ORs with P values based on the multiplicative model.
a Results obtained from combining data from individuals genotyped directly or in silico. See supplementary material. b Results from directly genotyped individuals only. c For the combined study populations, the reported control frequency was the average, unweighted control frequency of the individual populations, and the OR and the P value were estimated using the Mantel-Haenszel model.
published study of telomere length in individuals with skin cancers has shown that although short telomeres are associated with increased risk of BCC, long telomeres are associated with increased risk of melanoma 24 . The rs401681[C] variant was also marginally associated with protection against colorectal cancer (OR ¼ 0.95, P ¼ 8.4 Â 10 À3 ), although this was not significant after we took into account the number of cancer sites tested. We did not observe any association with cancers of the kidney, stomach, thyroid, ovary, pancreas, lymphoma, multiple myeloma or SCC of the skin. However, the moderate sizes of the sample sets tested do not allow us to draw definitive conclusion about the lack of association and further assessment will be needed in larger sample sets.
To explore the potential contributions from other variants in the region, we indirectly tested SNPs that are in the HapMap CEU database, but not on the HumanHap300 or HumanCNV370-duo chips (Supplementary Methods online) . Using the chip-genotyped Icelandic samples, we selected rs2736100 and rs4975616 to tag rs2736098 for an indirect test of its association with BCC, giving a P of 3.9 Â 10 À8 . rs2736098 is a synonymous coding SNP (A305A) in the second exon of the TERT gene (Fig. 1) . We proceeded to directly genotype rs2736098 in all available cases of the five cancer types showing association with rs401681, in a subset of all the other cancer cases (total of 14,389 cancer cases), in all available non-Icelandic controls and in a subset of the Icelandic controls (total of 9,703 controls). With the exception of cervical cancer, rs2736098[A] was significantly associated with each of the other four cancers that associated significantly with rs401681[C] ( Table 3) . Allele A of rs2736098 is positively correlated with rs401681[C] and the D¢ between rs2736098 and rs401681 is very high (0.94), but the value of r 2 (0.39), although substantial, is more moderate. For three of the cancers that associated significantly with rs2736098[A]-lung, bladder and prostate-the estimated OR for rs2736098[A] was higher than that for rs401681 [C] . In the case of BCC, the OR for rs2736098 [A] was, however, lower than that for rs401681 [C] , mainly because the latter did not show association with the disease in the Eastern European samples (heterogeneity P ¼ 0.0035).
We examined the joint effect of rs401681[C] and rs2736098[A], for each of the five cancers, using only samples typed for both SNPs ( Shown are the corresponding numbers of cases and controls (N), allelic frequencies of variants, the allelic odds-ratio (OR) with P values based on the multiplicative model. a For the combined study populations, the reported control frequency was the average, unweighted control frequency of the individual populations, and the OR and the P value were estimated using the Mantel-Haenszel model. Figure 1 and the 17 cancer types studied using the Icelandic sample sets and found that 15 sites showed an association with one or more of these SNPs at the P o 0.05 level (Supplementary Table 4 online).
We assessed known missense variants in CLPTM1L and TERT, the potentially functional TERT promoter variant (-1327T/C), as well as the variable number of tandem repeats (VNTRs) in introns 2, 6 and 12 of TERT and found that none of these variants associated significantly with any of the five cancer sites or could account for the association observed with rs401681 or rs2736098 We postulated that the cancer-associated sequence variants in the TERT gene might be associated with shorter telomeres. In order to test this hypothesis, we examined the association between rs401681 and rs2736098 and telomere length in DNA from whole blood, using a quantitative PCR assay. To limit variability, we took into account several factors that have been reported to affect telomere length, including age, sex and smoking status 28, 29 , and selected from our database 276 females born between 1925 and 1935 who reported to have never smoked and who had not been diagnosed with cancer. To maximize the contrast, only women homozygous for allele C or allele T at rs401681 were included in the test. In these subjects, rs401681 [C] and rs2736098[A] were associated with shorter telomeres with nominal significance (P ¼ 0.017 and 0.027, respectively; Supplementary Fig. 2 and Supplementary Table 8 online) . However, when we tested telomere length in a group of 260 younger women (selected by the same criteria regarding smoking and cancer, but born between 1940 and 1950), there was no association between telomere length and the risk alleles. Indeed, the effect estimates, although not significant (P ¼ 0.08 and 0.28 for rs401681 and rs2736098, respectively), were in the opposite direction ( Supplementary Fig. 2 and Supplementary  Table 8 ). These results suggest that the variants may lead to an increase in the gradual shortening of telomeres over time, the effect only becoming apparent after a certain age. Further testing of these hypotheses is warranted.
We assessed the association of rs401681[C] and rs2736098[A] with the major histological types of lung cancer (Supplementary Table 9 online). For all histological types except carcinoids, the frequency of the risk variants was higher than in controls, with the highest frequencies found in squamous cell carcinomas. Among the cervix cancer cases, squamous cell carcinomas showed a trend toward stronger association with the risk variants than adenocarcinomas (not significant). In prostate cancer, the variants were not associated with age at diagnosis or disease aggressiveness, as defined by Gleason score Z7 or stage T3 or higher, node positive or metastatic disease, or a combination of these criteria. We found no association between rs401681[C] and either smoking status or nicotine addiction or any of several pigment phenotypes assessed (hair and eye color, freckling or Fitzpatrick skin-type score) (Supplementary Note). Furthermore, neither rs401681[C] nor rs2736098[A] was more strongly associated with bladder cancer risk in smokers (current or former, n ¼ 4,346) than in nonsmokers (n ¼ 556). Finally, rs401681[C] did not associate with longevity (P ¼ 0.50) (Supplementary Note).
Of note, four of the five cancers associated with the risk variants are cancer types that have strong environmental contribution to risksmoking and occupational exposures for lung and bladder cancer, UV irradiation for BCC and infection with human papillomavirus for cervical cancer. Most cancers in these organs arise in the epithelial layer that is in closest contact with the environment. Although no strong environmental risk factors are currently known for prostate cancer, several external factors such as diet, physical activity and inflammation may have an effect on disease risk. Although telomere length is partly inherited 30 , various environmental factors such as smoking and radiation also affect telomere length 28 .
In conclusion, we have discovered sequence variants in the region of the TERT and CLPTM1L genes that associate with risk of many types of cancer. The biology of the TERT gene makes it a compelling candidate for a gene that predisposes to many cancers. Further investigations of the potential effects of genetic variants at the 5p15.33 locus on the functions and expression of TERT and CLPTM1L are warranted.
METHODS
Genotyping. Detailed information on all case-control sample sets can be found in the Supplementary Methods. Whole-genome association studies have been done on the following cancers in the Icelandic population: prostate cancer, breast cancer, lung cancer, BCC, melanoma, urinary bladder cancer and colorectal cancer [1] [2] [3] 9, 14 . All cases and controls were assayed using genotyping systems and specialized software from Illumina (Human Hap300 and HumanCNV370-duo Bead Arrays). Furthermore, all Dutch bladder cancer cases and controls have been genotyped with the HumanCNV370-duo Bead Arrays 14 . These chips provide about 75% genomic coverage in the Utah CEPH (CEU) HapMap samples for common SNPs at r 2 4 0.8. We discarded SNP data if the minor allele frequency in the combined case and control was o0.001 or had less than 95% yield or showed a very significant distortion from Hardy-Weinberg equilibrium in the controls (P o 1 Â 10 À10 ). Any chips with a call rate below 98% of the SNPs were excluded from the genome-wide association analysis. All single SNP genotyping was done using the Centaurus (Nanogen) platform. We evaluated the quality of each Centaurus SNP assay by genotyping each assay in the CEU HapMap samples and comparing the results with the HapMap publicly released data. Assays with 41.5% mismatch rate were not used and a linkage disequilibrium (LD) test was used for markers known to be in LD. Approximately 10% of the Icelandic case samples that were genotyped on the Illumina platform were also genotyped using the Centaurus assays and the observed mismatch rate was lower than 0.5%. All genotyping was carried out at deCODE Genetics.
Assessment of telomere length. We selected whole blood as the tissue for analyzing telomere length because of its accessibility, but studies have shown that the length of telomeres is very similar within different tissues of the same individual but varies considerably between individuals. Telomeres were measured using a quantitative Taqman PCR assay. We used the RNAseP endogenous control assay (cat.no. 4316844, Applied Biosystems) to correct for DNA input. This quantitative PCR method has been shown to give as consistent results as Southern blot and FISH-based telomere measurements. All reactions were run on ABI7900TH real-time PCR system (Applied Biosystems). All assays were done in duplicate and repeated in an independent experiment. Primers and probes used are listed in Supplementary Table 10 online. The use of RNAseP is a standard procedure in gene dosage measurements with real-time qRT-PCR. The main limitation of the method is that it measures relative telomere length rather than actual telomere length. However, in our study the relative telomere length is sufficient to determine whether there is a difference in telomere length between individuals depending on their genotype.
Regression analysis of telomere length data. We analyzed a total of 528 females in two batches, with each batch consisting of three DNA plates: batch 1 included 268 women with a mean age at blood sampling of 72.8 y (s.d. 5.0), batch 2 included 260 women with a mean age at blood sampling of 57.8 y (s.d. 4.6) . The relationship between the SNPs showing association and telomere length was analyzed by multiple regression. The logarithm of the ratio between telomere and RNAseP was taken as dependent variable, and the covariates age at blood sampling and DNA plate were included in the models. We analyzed SNPs showing association using multiple linear regression. The experiments were carried out at two different points in time and were analyzed separately.
hTERT minisatellite genotyping. We genotyped the five VNTR polymorphisms in the intronic regions of the hTERT gene by size fractionation of PCR products by gel electrophoresis. Two polymerase chain reaction systems were used: Recombinant Taq (Fermentas) and Extensor-High Fidelity Master Mix (ABgene). PCR conditions were according to the manufacturer's instructions. DNA input material was 30 ng, and primers used are listed in Supplementary  Table 10 .
Analysis of RNA expression. Samples of RNA from human adipose and whole blood were hybridized to Agilent Technologies Human 25K microarrays. Expression changes between two samples were quantified as the mean logarithm (log 10 ) expression ratio (MLR) compared to a reference pool RNA sample. The array probes for CLPTM1L and TERT genes were in the 3¢ untranslated regions of the genes.
Association analysis. A likelihood procedure implemented in the NEMO software was used for the association analyses. An attempt was made to genotype all individuals and all SNPs reported, and for each of the SNPs, the yield was higher than 95% in every study group. We tested the association of an allele with cancer using a standard likelihood ratio statistic that, if the subjects were unrelated, would have asymptotically a w 2 distribution with one degree of freedom under the null hypothesis. Allelic frequencies rather than carrier frequencies are presented for the markers in the main text. Allele-specific ORs and associated P values were calculated assuming a multiplicative model for the two chromosomes of an individual. Results from multiple case-control groups were combined using a Mantel-Haenszel model in which the groups were allowed to have different population frequencies for alleles, haplotypes and genotypes but were assumed to have common relative risks. All P values are reported as two-sided.
For the analysis of the Icelandic samples, the same set of cancer-free controls used in the BCC discovery analysis was used for all other cancer types, introducing a potential bias. However, because of the lack of association with common cancers like breast and colorectal cancer and also because of the modest effect sizes for the cancers associating with rs401681[C], the frequency of the variant is not substantially different in the Icelandic cancer-free controls (0.545) compared to the whole group of Icelanders (N ¼ 36,139) genotyped with the BeadChips (0.547), which includes all cancer cases. Therefore, the potential bias introduced into the estimation of the association of the 16 cancers with rs401681[C] is small. Furthermore, this effect is confined to the Icelandic part of our study.
Test of ungenotyped HapMap markers. To test for SNPs that are in the CEU section of the HapMap database, but that are absent on the Illumina chip, we use a method based on haplotypes of two markers on the chip. We computed associations with a linear combination of the different haplotypes chosen to act as surrogates to HapMap markers in the regions. In the 5p13.33 region displayed in Figure 1 (corresponding to a 200-kb interval) , we tested with this method 95 markers in addition to the ones on the chip. These calculations were based on 1,025 BCC cases and 28,890 controls genotyped on the chip. Of those markers, rs2736098 had the most significant association with BCC.
Genomic control and inflation factors. To adjust for possible population stratification and the relatedness among individuals, we divided the w 2 statistics from the initial scan of basal cell carcinoma in Iceland using the method of genomic control; that is, the 304,000 test statistics were divided by their mean, which was 1.22. In the cases where the method of genomic control was not directly applicable (if the genome-wide association results are not available for the same groups), we used the genealogy to estimate the inflation factor. As some of the Icelandic cases and controls are related to each other, both within and between groups, the w 2 statistics have a mean 41. We estimated the inflation factor by simulating genotypes through the Icelandic genealogy, as described previously, and corrected the w 2 statistics for Icelandic ORs accordingly. The estimated inflation factor for different analyses is presented in Supplementary Table 11 online.
In silico genotyping of ungenotyped individuals. We extended the classical SNP case-control association study design by including ungenotyped cases with genotyped relatives, using information from genotyped individuals in the Icelandic population and the genealogy of all Icelanders. For a detailed description of the calculations of the probability of genotypes, see Supplementary Methods.
Note: Supplementary information is available on the Nature Genetics website.
